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ABSTRACT
The main purpose of this thesis is to investigate the effects of polarization on
optical forces as well as to utilize such forces in the measurement of optical
properties of micro-scale particles. Theoretical aspects of optical trapping
are presented and the focusing action of high numerical aperture lenses is
studied in detail. Simulations are performed that quantify the x, y and z
focal polarization components of conventional Gaussian beams as well as
4 cylindrical vector beams, and the simulation results are used to explain
experimental optical trapping behavior of the 5 beams. In addition, the cus-
tom built optical trapping microscope is used for quantitative phase imaging
of 1 µm microspheres, and the results are presented as a first step toward
the measurement of the optical properties of optically trapped particles.
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Chapter 1
Introduction
1.1 History and Applications of Optical Trapping
The ability of light to exert mechanical forces on objects has become an im-
portant physical phenomenon in modern-day optical physics and biological
engineering. Pioneering experiments by Ashkin demonstrated that the radi-
ation pressure force can be used for optical levitation [1] and that the optical
gradient force can be used to form single-beam gradient optical traps. The
latter technique, commonly known as “optical trapping” utilizes the gradi-
ent force, which arises from gradients in the optical intensity distribution of
a focused laser beam, to confine micro- and nano-scale objects in 3 spatial
dimensions [2].
The conventional optical trapping scheme involves the use of a high-
numerical aperture microscope objective to tightly focus a Gaussian laser
beam. Indeed, this approach works well for trapping microscopic spheres
and biological samples (e.g., single cells) [3]. However, since the advent of
the technology there has been considerable interest in optimizing the trap-
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ping mechanism, and feedback control systems and holographic methods
have been used to increase the strength and dexterity of optical traps [4, 5].
Another approach for increasing trap strength is the use of non-standard
beams such as Laguerre-Gaussian beams for optical trapping. Also known
as donut beams, Laguerre-Gaussian beams have a distinct on-axis intensity
null which was predicted, and experimentally demonstrated, by O’Neil and
Padgett to increase the strength of an optical trap in certain instances [6].
In addition to Laguerre-Gaussian beams, there is a particularly special class
of donut beams which have a cylindrically symmetric, spatially dependent
polarization distribution. These cylindrical vector beams (CVBs) exhibit
peculiar behavior upon focusing [7], and as such, have attracted the atten-
tion of the microscopy community for applications in point-spread function
engineering [8], optical metrology [9], as well as optical trapping [10]. To
date, however, there has been few experimental studies incorporating CVBs
into the standard optical trapping modality. One goal of this thesis is thus
to investigate how optical polarization can be used to enhance the opto-
mechanical forces in an optical trap.
The dexterity of optical traps to control micro-scale objects has found ap-
plications ranging from DNA stretching/force measurements [11] to mi-
cro/nano manufacturing [12] and particle sorting [13]. In these applications,
the optical properties of the trapped objects, namely the refractive index, is
an important parameter that governs the light-matter interaction and thus
the optical forces [2]. To this end, a method for measuring the refractive
index of trapped microparticles would prove useful for a wide range of phys-
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ical sciences. One such scheme has been developed that relies on precise
computational modeling of the optical forces acting on a spherical particle
to measure its index of refraction [14]. Because of the precise modeling
required, this method is limited to particles with simple geometries (e.g.
spheres, ellipsoids) for which optical forces can accurately be calculated.
Therefore, this method is not applicable to the complicated geometries of,
for instance, biological cells [15]. Thus, the second goal of this thesis is to ex-
plore an alternative method for extracting the optical constant information
of trapped particles.
1.2 Organization of the Chapters
Chapter 2 presents the theoretical aspects of the thesis. The wave equa-
tion is introduced in both its scalar a vector form, and the corresponding
Hermite-Gaussian and cylindrical vector beam solutions to these equations,
respectively, are given. Then the scattering and gradient optical forces as-
sociated with optical trapping are discussed in 3 particle size regimes. In
addition, high-numerical aperture focusing is described using vector diffrac-
tion theory, and simulations of Hermite-Gaussian and vector beam focusing
are presented. Finally, a non-interferometric phase measurement algorithm
is presented and its application to index of refraction measurement is dis-
cussed.
The experimental aspects of the thesis are given in chapter 3. Details on the
construction of the two main experimental apparatus: an optical trapping
microscope and beam-shaping interferometer, are presented. In addition, the
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calibration procedures and general function of the instruments are provided
and experimental results and conclusions are offered. Chapter 4 presents
the experimental methods for the quantitative phase imaging and index of
refraction calculations, and the results of the phase imaging are given. Fur-
ther, future developments of the refractive index calculation are discussed
in detail.
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Chapter 2
Theory
2.1 Optics Fundamentals
It is useful to provide some fundamental concepts in optics as a framework
for describing the theoretical aspects of the thesis. Laser beams can be
described as solutions to the paraxial Helmholz equation [16]
(
∂2
∂x2
+
∂2
∂y2
)
E − i2k0∂E
∂z
= 0, (2.1)
where E is the complex amplitude of the optical wave, i is the imaginary
unit, and k0 = 2pi/λ with λ being the wavelength of light. The coordinate
system is such that the wave propagates along the z axis with x and y lying
in the plane transverse to this optical axis. The common beam-like solution
to (2.1) is the Hermite-Gaussian (HGnm) beam [16]
E (r) = A0 Hn
(
x
w0
)
Hm
(
y
w0
)
e
− r2
w0
2 e−iΦ(r) eˆ, (2.2)
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where A0 is the electric field amplitude, w0 is the beam waist diameter,
Hj (u) is a Hermite polynomial with index j, r = (x, y, z), r =
√
x2 + y2, and
Φ (r) is the phase of the field. The polarization of the beam is described by
eˆ and for the transverse electromagentic solutions in (2.2), the polarization
vector is generally a superposition of xˆ and yˆ [16]. For well collimated
(non-divergent) beams, Φ (r) ≈ kz. The Hj (u)’s form an infinite series of
polynomials, but only the first two modes given by H0 (u) = 1 and H1 (u) =
2u are considered in this thesis since (i) the standard Gaussian beam is
described using the H0 mode and (ii) all CVBs considered can be described
as superpositions of H1 modes.
The numerical aperture (NA) of a lens is related to the tightness of focus
and is given by NA = nim sin θm where nim is the index of refraction of the
lens immersion medium and θm is the maximum convergence angle of the
focused light cone.
2.2 Optical Trapping
In general, optical trapping consists of a competition between two main op-
tical forces, the scattering (radiation pressure) and the gradient force, in 3
size regimes: the Rayleigh, intermediate, and Mie regimes, corresponding to
particles with characteristic dimensions (a)
a  λ (∼ 10− 250nm), a ≈ λ (∼ 0.25− 10µm), and a  λ (> 10µm), re-
spectively [17]. The scattering force generally acts to destabilize the optical
trap by forcing the object along the optical axis via momentum transfer
from the incident photons to the particle. The complementary gradient
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force provides a stable optical trap by balancing the downstream scattering
force and is seen to arise from gradients in the optical intensity distribution
[2]. A stable, 3D optical trap is typically achieved by focusing a linearly
polarized, Gaussian beam with an oil immersion, high numerical aperture
(NA) microscope objective. High NA refers to NA > 1 and is provided by
immersion oil with nim = 1.518 or water with nim = 1.33. The particular
theoretical description of the scattering and gradient forces is dependent on
the size regime of the object and is given below.
The most common objects used for optical trapping experiments are dielec-
tric polystyrene and silica spheres with n ≈ 1.59 and 1.48, respectively. The
simple geometry of the particles facilities accurate theoretical analysis of
optical forces acting on the particles.
2.2.1 Rayleigh Regime
In the Rayleigh regime, the optically trapped particle can be modeled as
an induced-dipole oscillating in quadrature with the incident electromag-
netic field (i.e. the focused laser beam). In this picture, the gradient force
originates from the Lorentz force associated with the induced polarization
current oscillating in the applied magnetic field and is given by [18]
Fgrad =
2pi
nmc
α∇ |E (r)|2 , (2.3)
where nm is the index of refraction of the medium (typically water: n =
1.33), c is the vacuum speed of light, |E (r)|2 = I (r) is the focused beam
intensity distribution, ∇ is the gradient operator, and α is the particle po-
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larizability given by [17]
α = n2ma
3
(
m2 − 1
m2 + 2
)
, (2.4)
where a is the particle diameter and m is the relative index of refraction
between the particle and the medium. Due to the oscillating charge asso-
ciated with the induced polarization current, there is also re-radiation, or
Rayleigh scattering, by the particle which causes a change in momentum of
the incident light. This is the origin of the scattering force which is given
by [18]
Fscat =
nm
c
σI (r) , (2.5)
where σ is the scattering cross section given by [18]
σ =
128pi5a6
3λ4
(
m2 − 1
m2 + 2
)2
. (2.6)
2.2.2 Mie Regime
In the opposite Mie regime, a ray optics approach is adopted in which the
focused laser is modeled as a bundle of rays impinging on the particle each at
an angle in the range 0 < θ < θm, where θm is the largest angle associated
with the NA of the objective. In this picture, an intuitive, mechanical
argument describes the optical forces. Each ray with power P in the high-
NA focused beam carries nmP/c momentum per second in the x, y and
z directions. The reflection of the rays from the surface of the particle is
accompanied by a net upstream (downstream) force on the rays (particle)
when the particle is located at the center of the trap. Thus the scattering
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force is predominantly along the +z direction, as in Fig. 2.1(a). Figure
2.1(b) depicts the refraction of rays that is responsible for the gradient force.
The weight of the arrows indicates the relative intensity of each ray. It can
be seen that the refraction of the low (high) intensity ray imparts +xˆ (-xˆ)
momentum on the ray, and by virtue of Newton’s third law, this causes
the particle to be drawn into the high intensity region. In the case where
nparticle < nm the refraction angles are reversed and the particle is pushed
away from the high intensity region. Clearly, the particle must have a higher
index of refraction than the medium to form a stable optical trap [19, 20].
Moreover, if absorptive particles are used for trapping, photophoretic forces
exist which can destabilize the optical trap [21].
Figure 2.1: Ray optics schematic showing (a) reflection of rays yielding the scat-
tering force and (b) refraction of rays yielding the gradient force.
2.2.3 Intermediate Regime
In the intermediate size regime, analytical expressions for the optical trap-
ping forces are not available due to the complexity of the light-matter in-
teraction. Thus, numerical methods such as generalized Lorenz-Mie theory
or the Maxwell stress tensor (a.k.a the T-matrix method) are used to com-
9
pute the optical forces [15]. Despite the apparent disparities between the
three regimes, there exists the common element that the scattering force
arise from the change in momentum in the particle-beam system and the
gradient force arises from the gradient in the focal intensity distribution.
2.2.4 Non-Optical Forces in Optical Trapping
Optical trapping experiments often involve micron-sized particles in an aque-
ous solution. As such, thermal and fluid forces also effect the dynamics of
the optical trapping. Particles are subject to random thermal fluctuations
resulting in Brownian motion. In addition, spherical particles are subject to
a fluid drag force given by [17]
Fdrag = γν, (2.7)
where γ = 6piηa, η is the fluid viscosity, ν is the velocity of the particle,
and  is a correction factor given by [17]
 =
1
1− 916
(
a
h
)
+ 18
(
a
h
)3 − 45256 ( ah)4 − 116 ( ah)5 , (2.8)
where h is the distance from the particle to the coverslip of the sample
well. In practice, when h is several particle diameters (> 8 µm)  ≈ 1 and
can be ignored [17]. The drag force in (2.7) is an important parameter for
estimating the maximum force that can be exerted by an optical trap. In
particular, the particle can be dragged through the solution by means of
moving the sample stage or a micro-fluidic pump can be used to flow fluid
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past the particle until it is ejected from the optical trap, giving the critical
velocity νc [22]. The maximum trapping force for a given input beam power
is related to the optical trapping efficiency [17]
Q =
Fmaxc
nmP
, (2.9)
where Fmax = γνc, c is the speed of light, and P is the input beam power.
The trapping efficiency can be given for both axial and lateral directions by
driving the particle along the optical axis and transverse to it, respectively.
When the particle is displaced by a small amount from the center of the
trap, it can be modeled as a Hookeian spring and the trap force is [17]
Ftrap = −κx, (2.10)
where x is the particle displacement and κ is the trap stiffness. The trap
stiffness is another common metric for quantifying the strength of an optical
trap [17].
2.3 Cylindrical Vector Beams
The solutions to (2.1) are scalar waves with spatially uniform polarization
distributions; i.e. the polarization vector is not a function of the spatial
coordinates over the beam cross-section [23]. There also exists cylindindrical
vector beam (CVB) solutions to the vector wave equation [24]
∇×∇×E − k2E = 0, (2.11)
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Figure 2.2: Simulated x -polarized Gaussian beam. The arrows indicate the orien-
tation of the electric field (polarization).
which exhibit spatially variant polarization profiles. Two common beams
are the radially and azimuthally polarized CVBs [24]
Erad (r, z) = U (r) e
− r2
w20 e−ikzrˆ, (2.12)
Eazi (r, z) = U (r) e
− r2
w20 e−ikzφˆ, (2.13)
where rˆ and φˆ are the radial and polar unit vectors in cylindrical coordi-
nates, respectively [23]. In (2.12) and (2.13), U (r) represents the Laguerre-
Figure 2.3: (a) Simulated radial and (b) pi-radial beam with polarization structure
overlaid.
Gaussian spatial mode of the beams, which can be given as a linear super-
position of the Hermite-Gaussian spatial mode(s) in (2.2) over the xˆ and yˆ
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polarization states [25]
Eradial = H10xˆ+H01yˆ, (2.14)
Eazimuthal = −H01xˆ+H10yˆ. (2.15)
It is also possible to have a relative phase between the two eigenmodes
comprising (2.14) and (2.15). If this relative phase is set to pi, the CVBs are
known as pi-phase cylindrical vector beams and are given by [26]1
Epi−radial = H10xˆ+ eipiH01yˆ, (2.16)
Epi−azimuthal = −H01xˆ+ eipiH10yˆ. (2.17)
In addition, the focal field of the standard x -polarized Gaussian beam
EGauss = H00xˆ is considered. Figures 2.2 - 2.4 show the spatial modes and
overlaid polarization distributions for the various beams considered in this
thesis.
Figure 2.4: (a) Simulated azimuthal and (b) pi-azimuthal beams with polarization
structure overlaid.
1Note: This work has been previously published by the thesis author and Prof. Kimani
C. Toussaint, Jr. See reference [26]
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2.4 Richards and Wolf Diffraction
The paraxial approximation is applicable to focusing systems when the
lenses involved are weakly convergent; i.e. for low NA systems (∼ NA < 0.4).
As such, the optical fields can be described as scalar waves in this low NA
limit and they retain their initial polarization structure at the focal plane
of the lens. However, there is a polarization scattering effect imparted by
lenses such that for higher NA’s (∼ NA > 0.4) the polarization state at
the focus of the lens is three-dimensional [7]. In this situation, the vector
nature of the light must be considered to describe the focusing action of the
lens. The method of Richards and Wolf is useful for describing this vector
diffraction problem and is detailed below.
2.4.1 Angular Spectrum Representation
In essence, Richards and Wolf diffraction involves formulating the angular
spectrum representation of a plane wave focused by an aplanatic lens [27].
The angular spectrum representation is a method for determining the propa-
gated, electric field distribution at some distance z from the field distribution
at z = 0. In particular, the far-field distribution is completely defined by
the Fourier spectrum of the source field [27]
E (x, y, z) =
ire−ikr
2pi
∞∫
−∞
∞∫
−∞
E˜0 (kx, ky)
kz
ei(kxx+kyy±kzz)dkxdky, (2.18)
where r =
√
x2 + y2 + z2 is the distance from the origin and
kz =
√
k2 − (kx2 + ky2) , E˜0 (kx, ky) is the Fourier spectrum ofE (x, y, z), and
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kx and ky are the spatial frequency components [25]. The limits of (2.18)
are taken such that only rays propagating into the far-field are considered.
The rays which obey k2 >
(
kx
2 + ky
2
)
are evanescent, do not propagate to
the far field and are thus not considered in the far-field angular spectrum
representation.
2.4.2 CVB Focal Field Simulations
The geometry of the problem is given in Fig. 2.5. The aplanatic lens follows
the Abbe sine condition: hr = f sin θ where hr is the height of the ray above
the optical axis, f is the focal length of the lens defined as the radius of the
reference sphere describing the lens, and θ is the angle of refraction of the
ray. In addition, conservation of energy must apply to each refracted ray
which requires [25]
|E2| = |E1|
√
n1
n2
√
cos θ, (2.19)
where E1 and E2 are the electric fields before and after the lens and n1
and n2 are the refractive indices before and after the lens, respectively. The
electric field distribution at the focal point of the lens can then be given
using (2.19) and expressing (2.18) at the focal point of the lens [25]
E (ρ, ϕ, z) = Aρϕz
2pi∫
0
θm∫
0
E0 (θ, φ)
√
cos θ eikρ sin θ cos (φ−ϕ)dΩ, (2.20)
where E0 (ρ, ϕ, z) is the refracted field just beyond the lens,
Aρϕz = ikf exp (−ikf) / (2pi) (n1/n2)
1
2 , ρ and φ (ϕ) are the polar coordi-
nates at the surface of the lens (at the focal plane), and θ is the coordinate
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obtained from refraction of ρ at the spherical lens surface. The integral
is taken over the solid angle covered by the lens dΩ = sin θdθdφ where
θm = sin
−1 (NA/n2) is the maximum convergence angle. To calculate the
focal fields, the superposition of general Hermite-Gaussian beams is con-
verted to spherical coordinates [26]
E0 (θ, φ) =A0 Hn
(
f sin θ cosφ
w0
)
Hm
(
f sin θ cosφ
w0
)
e
− f2 sin2 θ
w0
2 xˆ,
+ A0Hn
(
f sin θ cosφ
w0
)
Hm
(
f sin θ cosφ
w0
)
e
− f2 sin2 θ
w0
2 yˆ, (2.21)
where
xˆ = cosφ θˆ − sinφ φˆ and yˆ = sinφ θˆ + cosφ φˆ, (2.22)
with the standard zenith and azimuthal unit vectors given by θˆ and φˆ, re-
spectively. Inasmuch as (2.20) and (2.21) are sufficient to calculate the focal
field for an arbitrary input beam, the focal fields for the beams considered
in this thesis can be found by replacing (2.21) with (2.14) - (2.17) and solv-
ing (2.20). The integrals in (2.20) can be simplified by making use of the
following identities [25]
∫ 2pi
0
sin (nφ)eix cos (φ−ϕ)dφ = 2piinJn (x) sin (nϕ),∫ 2pi
0
cos (nφ)eix cos (φ−ϕ)dφ = 2piinJn (x) cos (nϕ), (2.23)
where Jn is a Bessel function of the first kind of order n.
Using this formalism the z -polarized and total focal field distributions for
the various beams are calculated by numerical integration and are shown
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Figure 2.5: Geometry for the Richards and Wolf diffraction problem showing the
plane wave input to a aplantic lens of focal length f. Here xˆ, yˆ, and zˆ represent
the global cartesian coordinate system and ρˆ, φˆ, and θˆ represent the spherical
coordinate system after the lens.
in Fig. 2.6 [26]. The objective used in the simulations is a 1.25 NA, oil
immersion objective with a back aperture of 5 mm. The beam diameter
is chosen to provide a 10% overfilling of the objective back aperture and
the wavelength is 660 nm. The focal intensity distributions for each input
beam, given by Ij = Ej · Ej∗ where j = x, y, z and ∗ represents complex
conjugation, are normalized with respect to each other, and the scale bars
give the relative maximum intensity present in each beam. In the case of z
polarization, the radial produces the highest intensity, as expected, followed
by the Gaussian beam at 35% the z -polarized intensity of the radial, and
the two pi-phase beams each exhibiting 20% the maximum intensity. The
azimuthal beam produces an identically zero z polarization, as expected. In
the total focal intensity case, the Gaussian beam produces the largest focal
intensity followed by the radial beam at 31%. The two pi-phase beams and
the azimuthal beam produce comparable focal intensities at ∼ 25% that of
the Gaussian beam.
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Figure 2.6: Simulated intensity distribution in the focal (x -y) plane for the Gaus-
sian and 4 vector beams. The top and bottom rows correspond to the axial and
total intensity distributions, respectively. Each focal distribution is normalized to
the maximum intensity in its respective row, and the scale bars indicate the fraction
of the maximum intensity (per row) present in each distribution.
Figure 2.7 shows line scans of the calculated focal intensity gradients and
the total intensity distributions for the various beams. From Fig. 2.7(a),
the focal spot sizes for the beams are found to be ∼ 500 nm for the Gaussian
and radial beams, ∼ 900 nm for the pi-phase beams and ∼ 800 nm for the
azimuthal beam. Since the gradient force is proportional to the focal inten-
sity gradient, Fig. 2.7(b) provides a rank order of the expected maximum
transverse trapping force and accordingly transverse trapping efficiency pro-
duced by the various beams. It is also apparent that the intensity gradient,
and thus the transverse trapping force, is strictly negative (positive) for pos-
itive (negative) particle displacements for the radial and Gaussian beams,
which indicates that the gradient force always acts in the direction opposite
to the particle displacement, thereby serving to restore the particle to the
trap center. Conversely, the sign changes in the intensity gradient for the
azimuthal and pi-phase beams imply that the gradient force does not always
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act opposite to the displacement, thereby serving to reject the particle from
the trap center[26]. The intensity gradient in Fig. 2.7(b) gives prediction of
Figure 2.7: Focal line scans of the (a) normalized total intensity distribution and
(b) the normalized intensity gradient for the various input beams. The beams are
indicated by solid (blue) - Gaussian, dashed (green) - radial, dotted (red) - pi -
radial and dot-dashed (cyan) - azimuthal.
the maximum optical forces acting on a 1 µm particle based on the polar-
ization of the input beam. Another parameter affecting the trapping force
is the refractive index of the trapped particle (not just the nominal value
reported for polystyrene), and knowledge of this optical property would help
to better explain the trapping behavior.
2.5 Index of Refraction Measurement
The optical phase through an object is given by [16]
φ ≈ mk0d (2.24)
where d is the characteristic length of the object (e.g. sphere radius). It is
clear from (2.24) that measurement of the index of refraction of an object
19
requires a measurement of the optical phase subtended by the object as well
as precise knowledge of the object dimensions. Interferometric methods are
commonly employed for phase measurement and have been demonstrated
to provide quantitative phase/index maps in microscopy [28, 29]. Such ap-
proaches are limited, however, by the spatial resolution of the interference
fringes and particles/features must have characteristic dimensions of at least
∼ λ for reliable phase extraction. Moreover, due to the sinusoidal nature
of the fringes, there is a phase ambiguity that precludes reliable phase mea-
surements on objects possessing jump-discontinuities ≥ 2pi in phase; i.e.
optically trapped microparticles ≥ 0.5 µm in diameter for common trapping
wavelengths [17]. For these reasons, a non-interferometric phase measure-
ment technique based on a Green’s function solution to (2.1) is employed in
this thesis [30].
The overall idea of the approach is straightforward: inasmuch as the 2D
image intensity distribution contains no phase information, the 3D intensity
distribution does contain phase information, via Fresnel diffraction. To find
the phase non-interferometrically, Green’s first identity is employed [30]:
∫
V
(∇φ · ∇G+ φ∇2G) dr = ∮
∂V
φ (∇G · nR) dr, (2.25)
where φ is the phase distribution, nR is the unit normal to the surface ∂V
and G is the Green’s function for the Laplacian operator: ∇2 such that [30]
∇2G (r, r′) = δ (r − r′) . (2.26)
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With proper choice of boundary conditions, the contour integral in (2.25)
vanishes and, making use of the sifting property of delta functions, the phase
can be calculated via [30]
φ (r) = −
∫
V
(∇φ · ∇G) dr′, (2.27)
where the phase gradient is given by [30]
∇φ (x, y) = k
I0 (x, y)
∫
V
(
∂I
∂z
· ∇G
)
dr′. (2.28)
To calculate the phase gradient in (2.28), a minimum of three intensity
images is required: a focused image I0 (x, y), a negative defocused image
I− (x, y), and a positive defocused image I+ (x, y). The defocused images
are obtained by translating the CCD used to image the trapped particles
by a known distance δz, and are then used to calculate the axial intensity
derivative [30]
∂I
∂z
≈ I+ (x, y)− I− (x, y)
δz
. (2.29)
Using (2.27) and (2.28), the phase distribution is found [30]
φ (x, y) = −k
∫
V
[(
1
I0
∫
V
(
∂I
∂z
· ∇G
)
dr
′′
)
· ∇G
]
dr
′
, (2.30)
When unbounded free space boundary conditions are chosen (essentially as-
suming the CCD array is much larger than the features of interest), the lim-
its of the integrals in (2.30) extend from −∞ to ∞ and a Fourier-transform
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approach can be used to solve for the phase φ = φx + φy where [30]
φx = k F
−1
[
νx
q2
F
{
1
I0
F−1
[
νx
q2
F
{
∂I
∂z
}]}]
, (2.31)
φy = k F
−1
[
νy
q2
F
{
1
I0
F−1
[
νy
q2
F
{
∂I
∂z
}]}]
, (2.32)
where F
(
F−1
)
represents Fourier (inverse Fourier) transformation, νx and
νy are the spatial frequency variables, and q =
√
νx2 + νy2. Note that the
Fourier transform [30]
F {∇G} = −i
(
νx
q2
νˆx +
νy
q2
νˆy
)
, (2.33)
is used in the formulation of (2.31) and (2.32), and νˆj is the unit vector
along the j = x, y spatial frequency direction [30]. Using this formalism,
the phase of an optically trapped microparticle can be calculated, and for a
known particle diameter d, the index of refraction is calculated [16]
nparticle =
φx + φy
k0d
. (2.34)
The computation of the phase via (2.31), (2.32) and (2.34) follows a straight-
forward implementation using MATLAB with fast Fourier transform (fft)
methods on the three data images.
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Chapter 3
Optical Trapping with
Vector Beams
3.1 Experiment
3.1.1 Generating CVBs
The experimental setup used to generate the vector beams is shown in Fig.
3.1 and is based on a Mach-Zehnder interferometer equipped with tunable
phase plates for beam mode shaping. An input 660-nm wavelength laser
(Newport, LQC660-110C) with a well defined “vertical” polarization and
HG00 spatial mode is split using the first 50/50 beamsplitter. The bottom
arm contains a half-wave plate (HWP) with its fast axis oriented at 45◦ with
respect to the vertical, which converts the input polarization to “horizontal”.
Custom built phase plates, PP10 and PP01, are placed in both arms and
convert the input HG00 mode to either HG10 or HG01, respectively. These
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two beams are then recombined at the second beamsplitter and spatially
filtered to provide a clean spatial mode in which the spurious scattered light
from the phase plates is removed.
3.1.2 Phase Plate Design and Function
Figure 3.2 is a digital photograph of the two phase plates used for mode
conversion. The phase plates provide mode conversion by introducing a pi-
phase difference between the halves of the input HG00 mode. This produces
a line singularity about the center of the beam, upconverting the beam to
the HG10/HG01 mode. It is important to note that the conversion produces
significant amounts of scattered light, and therefore (i) it is a lossy process,
yielding a ∼ 3 mW vector beam from an input 20 mW Gaussian and (ii)
requires spatial filtering to remove the scattered light/higher order modes
from the output vector beam.
The phase plates consist of a plastic frame, a plastic microscope coverslip
(Ted Pella, #2225-1), a standard 0.25” length, 8-32 thumbscrew and elec-
trical tape. A square clear aperture of dimensions 20× 20 mm is produced
in the plastic frame stock, and a hole is drilled above the clear aperture into
which the thumbscrew is placed. A tab is cut into the coverslip using a razor
blade and then the coverslip is mounted to the frame, using electrical tape,
such that the tab is positioned over the thumbscrew. The plates are then
mounted in a filter holder (Thorlabs, FH2D).
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3.1.3 Spatial Filter Design
The spatial filter consists of two lenses and a pinhole mounted on a x -y-z
translation stage. For optimal power throughput, the pinhole is chosen with
a diameter ∼ 1.3× the focal spot size of the first lens [16]
Dpin = 1.3w0 = 1.3
2λf
Di
, (3.1)
where w0 is the focal spot diameter of the f = 65 mm focal length lens,
λ is the laser wavelength, 660 nm, and Di is the 1 mm input beam diam-
eter. Thus, a 125 µm pinhole is used. The second lens is chosen to be 65
mm, providing unity magnification of the input beam. The pinhole is placed
near the focal point of the first lens and its position is adjusted with the mi-
crometer controlled translation stage until the maximum power throughput,
measured after the second lens, is obtained.
3.1.4 CVB Alignment
The first step in producing the various CVBs is a careful alignment of the
interferometer and spatial filter. The output of the setup is imaged onto a
CCD for monitoring the interference pattern, and the mirrors are adjusted
such that longitudinal fringes are obtained. Then, the HWP is rotated by
45◦ until the interference is no longer visible. To make radial-type CVBs,
PP10 is then placed in the horizontally polarized arm (bottom arm, Fig.3.1)
and PP01 is placed in the vertically polarized arm (top arm, Fig.3.1). The
azimuthal-type beams are produced by switching the two phase plates. Each
PP is centered over the input beam, and the thumbscrew is tightened until
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Figure 3.1: Setup for creating the CVBs. The schematic labels represent the
following: BS - beamsplitter, M - mirror, HWP - half-wave plate, P - pinhole, A -
analyzer, FM - flip mirror, and PP10 (PP01)- the HG10 (HG01) mode converting
phase plate.
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a distinct null is observed through the center of the spatial mode, indicating
that the HG10/HG01 mode has been produced. This is then repeated for
the other arm.
Figure 3.2: Digital photograph of the (a) PP10 and (b) PP01 phase plates used
to convert an input Gaussian beam into the HG10 and HG01 modes, respectively.
Finally, the mode purity of the output vector beam is verified by placing
a polarization analyzer (sheet polarizer) in front of the CCD and reflecting
the output beam into the analyzer arm using a flip-mounted mirror. For a
“pure” vector beam state, the image on the CCD is that of a HG10/HG01
mode rotating in the same (opposite) direction as the analyzer for the radial
(azimuthal) beam. Additionally, one should observe no blending of the two
lobes as the analyzer is rotated through 360◦. To create the pi-phase beams,
a relative phase of pi must be introduced between the eigenmodes in the
two arms. This is readily accomplished with the use of an L-bracket placed
onto the base of one of the mirrors in the interferometer. As the guide
screw between the bracket and table is tightened/loosened, the optical path
length difference between the two arms is reduced/lengthened, providing an
overall phase delay between the two arms. To verify the vector beam state,
as before, the polarization-analyzed output mode of the radial (azimuthal)
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beam should rotate with (against) the analyzer, whereas if a pi-radial (pi-
azimuthal) beam is created, the output mode will rotate against (with) the
analyzer.
3.1.5 Optical Trapping Setup
The optical trapping setup is shown in Fig. 3.3. The basis of the optical trap
is a custom built horizontal microscope consisting primarily of 100x, 1.25
NA, oil immersion objective (Edmund Optics, NT43-905) and a 40x, 0.65 NA
condenser (Newport-MV-40x). The objective and condenser are mounted on
x -y-z rail carriers (Newport, M-562-XYZ) with a dovetail microscope objec-
tive adapter (Newport, 561-OBJ) . Illumination of the sample is provided
by a Goose-Neck white light source (Dolan Jenner, 190) and the sample is
imaged onto a CCD camera (Watec, 902H3-Ultimate) via a 150-mm focal
length tube lens. The sample stage consists of a filter holder (Thorlabs,
FH2D) mounted to a 3-axis translation stage (Newport, 9067-XYZ-R). The
stage is actuated in all 3 dimensions by piezo-electric picomotors (NewFo-
cus, 8302) that provide 30 nm/step motion.
The samples used in for the optical trapping experiments consist of 1 µm-
diameter polystyrene spheres (Duke Scientific) diluted to ∼ 1/1000 concen-
tration of the stock solution. The sample chamber is formed using a gasket
(Invitrogen C-18155) sandwiched between a 25x25 mm square, No. 1.5 cov-
erslip (Corning #2870-25) and a rectangular 24x60 mm, No. 1.5 coverslip
(Corning #2940-246). The square coverslip is adhered to the gasket, 80 µL
of solution are flowed in and the sample is sealed.
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The trapping laser is coupled into the microscope by use of a “coupling”
dichroic red reflector mirror (Thorlabs, FM02). An identical, “filtering”
dichroic mirror is placed in between the tube lens and the CCD to ensure
that the trapping laser is completely removed from the microscope image.
To avoid the deleterious effects of aberrations on the trapping performance,
it is important to ensure proper alignment of the laser into the microscope
objective. A course alignment is accomplished by placing two irises in the
main microscope path (without the objective and condenser) and adjust-
ing the dichroic mirror such that the beam passes directly through the two
clear apertures. The alignment is then fine tuned by placing the objective
and a sample into the setup and removing the filtering dichoric mirror such
that the reflected laser from the glass-water interface is imaged onto the
CCD. The sample is then translated along back and forth along the optical
axis while the coupling dichroic mirror is adjusted until a circularly sym-
metric, relfected laser signal is obtained. This ensures proper alignment of
the trapping laser and the filtering dichroic mirror is placed back into the
microscope.
3.1.6 Measuring CVB Trapping Efficiencies
Using this set of 5 beams, optical trapping experiments are performed and
the lateral and axial optical trapping efficiencies for each beam are measured.
To determine the efficiences, the 3-axis piezo stage is driven with a triangle
wave displacement in order to apply a fluid drag force to the 1 µm particles.
The triangle wave displacement ensures that the velocity profile follows a
square wave pattern; i.e. the velocity is constant but changes direction once
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Figure 3.3: Optical trapping setup. The schematic labels represent the following:
OBJ - microscope objective, COND - microscope condenser, PZ - 3 axis piezo stage
and sample, c-DM - “coupling” dichroic mirror, f-DM - “filtering” dichroic mirror,
TL - tube lens, and WL - white light source.
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per 50 mS period. Moreover, the fluid drag force follows a square wave pat-
tern since it is proportional to the velocity, as given in (2.7). In order to
apply accurate fluid forces, the stage displacement must be calibrated along
the 3-axes. The calibration is performed by preparing a sample of 1 µm
beads that are fixed to the coverslip. To do this, a ∼ 1/500 concentration
(of the stock solution) is prepared and applied to a 24 × 60 mm coverslip.
The coverslip is then incubated at 30◦ C for 30 minutes.
The calibration is performed in two steps using the prepared sample. First,
a CCD pixel to µm calibration is performed by loading the sample into the
microscope and imaging a fixed bead in the center of the field of view of
the objective. The CCD captured image is used to determine the number
of pixels subtended by the 1 µm particle and this process is repeated for 10
different particles and the average value of 16 pixel/µm is found. Next, the
stage is driven in the triangle wave pattern at discrete, increasing velocity
steps, measured in steps/sec, while the CCD captured image is recorded at
30 frames/sec. Using the pixel calibration, the velocity in µm/sec is deter-
mined to be: 100 step/sec = 1.78 µm/sec. This process is then repeated
after moving the x -direction picomotor to the y-direction of the sample
stage. A nearaly identical calibration factor is determined and thus used for
all 3 stage directions.
The experimental procedure for determining the axial and lateral optical
trapping efficiencies is as follows: (1) verify the mode purity of the vec-
tor beam using the flip mirror and the analyzer arm, adjusting the relative
phase/alignment until the desired beam is produced, (2) couple the beam
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into the optical trapping setup, (3) trap a polystrene sphere and begin driv-
ing the stage at increasing velocity, in discrete steps of 0.5 µm/sec in the
x direction until the particle is ejected from the trap (record νc,lateral) , (4)
re-verify the mode purity and repeat step (3) along the z direction to mea-
sure νc,axial. A particle is ejected laterally when it distinctly lags the stage
motion and axially when the partical diameter is seen to increase/decrease
with stage motion. Steps (1)-(4) are repeated 15 times for each input beam
tested and the trapping efficiencies are calculated using (2.7) and (2.9).
3.2 Results
Figure 3.4 shows the experimental lateral and axial trapping efficiency data
taken over 15 runs for each beam, and the results are summarized in table
4.1 [26]
3.2.1 Lateral Trapping Efficiency
The lateral trapping efficiency results can be explained from the theoreti-
cal results for the focal spot size and the itensity gradients developed for
each beam. Overall, the Gaussian beam produces the largest efficiency with
Qlateral = 0.027, which is consistent with the fact that it produces the largest
intensity gradient among all beams, as seen in Fig. 2.6. Moreover, this ef-
ficiency is comparable to those seen in the literature, indicating that the
optical trap developed in this thesis is representative of other systems [6].
In order to explain the lateral trapping efficiency results for the CVBs, both
the focal spot diameter and the structure of the focal intensity gradient
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Figure 3.4: Experimentally obtained trapping efficiency values. Solid markers
indicate lateral trapping efficiency whereas open markers indicates axial trapping
efficiency. The beams are indicated by: diamond - Gaussian, square - radial, circle
- pi - radial, upward triangle - pi-azimuthal, downward triangle - azimuthal .
(viz. gradient forces) developed by an individual beam must be considered.
Overall, the radial beam produces the largets lateral trapping efficiency with
Qlateral = 0.009 and this result is consistent with the fact that this beam pro-
duces the smallest focal spot amongst all CVBs. The fact that pi-phase and
azimuthal vector beams have lower Qlateral’s than the radial beam, despite
having larger intensity gradient magnitudes, is likely due to the modulation
in the direction of the intensity gradient across the focal distribution. As
pointed out in section 2.4.2, this modulation reduces the lateral graident
force produced by these beams and thus the trapping efficiency.
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3.2.2 Axial Trapping Efficiency
Overall, the radial beam produced the largest axial trapping efficiency of
Qaxial = 0.0170 which is 1.27× that of the Gaussian beam. This result is
consistent with what is reported in the literature [31] and again affirms the
applicability of the results of this thesis to other traping systems. Comparing
the rank order of the axial trapipng efficiencies in table 4.1 to that of the
z polarizations in Fig. 2.6, a one-to-one correspondence is found. Thus,
increasing the amount of z polarization produced at the focus of the trappig
beam increases the axial trapping efficiency. The physical reason of this
effect is that the z -polarized electric field component causes a null in the axial
component of the Poynting vector, and from (2.5), this causes a reduction
in the scattering force [10].
The role of spot size on the axial performamance of the various beams is
relatively small compared to the role of z polarization. From Fig. 2.7(a) it
can be seen that the pi-radial (pi − azimuthal) and Gaussian beams have spot
sizes of ∼900 and 450 nm, respectively. However, the pi-phase beams perform
compoarably to the Gaussain in the axial direction. This suggests that z
polarization is the dominant factor in providing large Qaxial. Moreover,
this is evidenced by examining the radial beam, which produces 2.8× the
z polarization and 1.27× the Qaxial of the Gaussian beam while having a
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comparable focal spot size.
3.3 Conclusions
Using an inteferometric beam shaping method, 4 distinct cylindrical vector
beams were created and used as inputs to a custom-built optical trapping
microscope. Overall, it was found that the axial trapping efficiency (viz.
the axial optical gradient force) can be optimized by the amount of z po-
larization produced at the focal point of a high NA lens. In addition, the
relative phase between the two eigenmodes comprising vector beams (gen-
erated using an interferometric method) is an important parameter for tun-
ing optical forces. Quantitatively, a relative phase of pi between the two
eigenmodes (corresponding to a physical path length difference of λ/2) in
the radial (azimuthal) case changes the optical trapping efficiencies by 33%
(75%). Moreover, these results suggest that there may be a relative phase
that optimizes both Qaxial and Qlateral, and determining this phase can be
the subject of future work.
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Chapter 4
Measuring Microsphere
Refractive Index
4.1 Experiment
The setup for measuring the refractive index of optically trapped micro-
spheres is shown in Fig. 4.1. It is a modified version the optical trap in Fig.
3.3 wherein the imaging source is a 632-nm wavelength He-Ne laser (Melles
Griot 25 LHR 151-230), the trapping/imaging objective is a 1.4 NA, 100x
objective (Olympus UPLSAPO 100X) and the input trapping beam (660
nm diode) power ranges from 10-20mW. In addition, the CCD camera is
mounted to a 3-axis translation stage for collecting defocused images. To
perform the index measurement, first a sample of dried 1 µm beads is pre-
pared in the same manner described in section 3.1.6. The beads are then
immersed in water using a gasket and coverslip and a stuck bead is centered
into the field of view. The three intensity images I0, I− and I+ are captured
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by scanning the CCD along the optical axis, through the focal point of the
tube lens. Images are captured using a frame-grabber card (CANOPUS
ADVC110) and loaded into MATLAB for processing.
Figure 4.1: Index of refraction measurement setup. The trapping laser is coupled
into the microscope via c-DM and the trapped beads are imaged using a collimated
632-nm wavelength He-Ne. The data images are taken by translating the CCD
along the optical axis.
4.2 Results
The results of the microparticle refractive index measurement are given in
Fig. 4.2. The particle of interest is a 1-µm diameter polystyrene bead fixed
to a coverslip and immersed in water. Figure 4.2(a) consists of the three
data images collected using a CCD displacement of ±2 µm. The images are
cropped such that the bead is near the center of the field of view in order to
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reduce the edge effects associated with the Fourier transform implementa-
tion of (2.31) and(2.32). Figure 4.2(b) is the axial intensity derivative image
calculated via (2.29). In addition, a Hanning window is applied to the image
to remove spurious edge effects associated with the Fourier transform. The
calculated phase image is given in Fig. 4.2(c) and the colorbar represents
the phase in units of radians. The 1-µm polystyrene bead immersed in water
has a relative index of m = 1.195, which for the 632.8-nm illumination cor-
responds to an optical phase of 11.87 rad. The phase-extraction algorithm
is calibrated using this phase value and a calibration factor of 39.4585 is
found.
Overall, the utility of this approach for extracting the phase is evident in
comparing the middle, in-focus image from Fig. 4.2(a) and the phase pro-
file in Fig. 4.2(c). In particular, the bright field image of the stuck bead
shows very little contrast, implying that the bead is essentially a phase ob-
ject, yet the phase retrieval algorithm produces a high-contrast image of the
(in-focus) bead. After the quantitative phase can be extracted reliably, the
microparticle index can be calculated via (2.34) with a priori information
about the particle size. Applying this method to a biological sample, with-
out such a priori knowledge, will require the determination of its spatial
dimensions via a 3D microscopy technique (e.g. confocal microscopy or op-
tical coherence tomography). Once the spatial dimensions of the sample are
determined, an index of refraction map of the sample should be calculable
using the previously described methods. Moreover, this method will provide
a novel scheme for measuring the refractive index of samples unaccessible
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Figure 4.2: (a) Three data images of a stuck 1− µm bead collected using a CCD
camera displacement of ±2 µm. (b) The axial intensity derivative calculated using
the defocused images and (c) The retrieved 2D phase distribution of the stuck bead.
by current techniques [14].
4.3 Conclusions
The experimental apparatus developed in this thesis were modified to pro-
vide quantitative phase imaging of 1-µm diameter polystyrene spheres ad-
hered to microscope coverglass. This phase extraction requires only 3 im-
ages, which can be taken in quick succession, as data inputs to a MATLAB-
based algorithm. In addition, the refractive index of the three-dimensional
particle is calculated from its 2D projection in the three image planes in this
approach. Therefore, the effect of the 3D particle structure on the calcu-
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lated refractive index needs to be studied further. With a priori information
about the sample dimensions (as is the case in this thesis) it is possible to
recover the refractive index of the sample under investigation. Applying
this technique to biological samples, however, will require an additional 3D
profiling step to determine the cell dimensions to calculate a refractive index
map from the extracted phase. This profiling can be done using a confo-
cal microscope or optical coherence tomography. Successful application of
this technique would thus provide the first experimental measurment of the
optical properties of optically trapped biological particles.
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